The Met regulon in Escherichia coli encodes several proteins responsible for the biosynthesis of methionine. Regulation of the expression of most of these proteins is governed by the methionine repressor protein MetJ and its co-repressor, the methionine derivative S-adenosylmethionine. Genes controlled by MetJ contain from two to five sequential copies of a homologous 8-bp sequence called the metbox. A crystal structure for one of the complexes, the repressor tetramer bound to two metboxes, has been reported (Somers, W. S., and S. E. Phillips (1992) Nature 359, 387-393), but little structural work on the larger assemblies has been done presumably because of the difficulties in crystallization and the variability in the number and sequences of metboxes for the various genes. Small angle neutron scattering was used to study complexes of MetJ and S-adenosylmethionine with double-stranded DNA containing two, three, and five metboxes. Our results demonstrate that the crystal structure of the two-metbox complex is not the native solution conformation of the complex. Instead, the system adopts a less compact conformation in which there is decreased interaction between the adjacent MetJ dimers. Models built of the higher order complexes from the scattering data show that the three-metbox complex is organized much like the two-metbox complex. However, the five-metbox complex differs significantly from the smaller complexes, providing much closer packing of the adjacent MetJ dimers and allowing additional contacts not available in the crystal structure. The results suggest that there is a structural basis for the differences observed in the regulatory effectiveness of MetJ for the various genes of the Met regulon.
Transcriptional levels of several proteins in Escherichia coli that are involved in the biosynthesis and transport of methionine are under the common control of the met repressor protein MetJ (1, 2) . MetJ is a 12-kDa protein that is reported to form a homodimer in its native state (3) . Repressor activity results from MetJ binding to specific 8-bp DNA sequences called metboxes, located in the promoter regions of genes in the Met regulon. Although MetJ selectively binds metbox sequences alone, its affinity for metbox DNA is enhanced severalfold by its co-repressor, S-adenosylmethionine (SAM), 3 an end product of methionine biosynthesis (4 -7). The MetJ protein dimer has been crystallized in the apo and holo forms and in complex with metbox DNA as a tetramer (8, 9) . The structure of the protein dimer remains essentially invariant in the three crystals and shows that MetJ is a member of the ribbon-helix-helix family of DNAbinding proteins that bind DNA through a two-stranded ␤-ribbon (9) .
At least 12 genes, scattered throughout the E. coli chromosome, are repressed by MetJ. Multiple MetJ dimers bind to operator sequences that contain two to five contiguous metboxes. A minimum of two tandem metboxes is required for efficient MetJ binding in vitro and repression of transcription in vivo (6) . Adjacent MetJ dimers can interact with each other when they are bound to tandem metbox DNA sites, making assembly of higher order repressor complexes a cooperative process (7, 9, 10) . There is a great deal of sequence variability among metboxes within each operator, but the shared consensus sequence is palindromic 5Ј-AGACGTCT-3Ј (6, 11) , and in vitro selection has shown that this sequence is optimal for MetJ binding (12) . The number of contiguous metboxes as well as the match of those sequences to the consensus are likely responsible for the differential levels of repression of the genes in the Met regulon (1, 13) .
Despite the variety in length and sequence of the natural operators, the only high resolution structure determined for a complex of native MetJ with SAM and metbox DNA is the tetramer bound to DNA having two copies of the consensus sequence. Higher order complexes containing more than two metboxes have not been successfully crystallized. Here, we report the results of small angle neutron scattering (SANS) with contrast variation measurements of three MetJ complexes with SAM and DNA containing two, three, and five metboxes in solution. These results suggest that the solution conformation of the two-metbox complex differs significantly from the crystal structure. Furthermore, the higher order complexes, particu-larly the five-metbox complex, are not simple extensions of the arrangement seen in the smallest complex.
EXPERIMENTAL PROCEDURES
Sample Preparation-MetJ was prepared by overexpression from an isopropyl-1-thio-␤-D-galactopyranoside-inducible promoter in BL21(DE3) cells (Novagen, San Diego, CA). Cells were harvested and lysed with BugBuster (Novagen). MetJ was purified sequentially by ammonium sulfate precipitation, ion exchange with cellulose phosphate and DEAE columns, and gel filtration on a Sephacryl-200 column. The protein was determined to be pure by SDS-PAGE. MetJ was concentrated with a Vivaspin-20 concentrator (ISC Bioexpress, Kaysville, UT) and then dialyzed into buffer containing varying amounts of D 2 O for contrast variation studies. The buffer was 25 mM Tris, pH 7.0, 100 mM NaCl, 1 mM dithiothreitol, and 0.02% sodium azide. The DNA oligos used in this study were obtained from IDT (Coralville, IA). All sequences were flanked by GG-on the 5Ј-end and -CC on the 3Ј-end to "lock" the ends of the oligos and reduce the chances that the strands would separate. The two-metbox (5Ј-GGAGACGTCTAGACGTCTCC-3Ј) and three-metbox (5Ј-GGAGACGTCTAGACGTCTAGACGT-CTCC-3Ј) constructs contained multiple copies of the consensus sequence and were self-complementary. To eliminate the possibility that a long palindromic sequence might fold back on itself and form a hairpin, the five-metbox construct used was the natural operator for the metF gene (5Ј-GGC-TTCATCTTTACATCTGGACGTCTAAACGGATAGAT-GTGCCC-3Ј; bases that match the consensus sequence are underlined). Concentrated DNA stock solutions were heat annealed before use to favor the double-stranded form. The SAM used was the chloride salt (A7007; Sigma). A concentrated stock solution was made up in water and then adjusted to pH ϳ5.0 with NaOH to ensure that the addition of SAM did not affect the pH of the samples. Samples for SANS were made by using MetJ that had been dialyzed into the required buffers and adding small volumes of DNA and SAM from concentrated stocks. All samples contained 5 mg/ml MetJ and stoichiometric amounts of DNA and SAM, i.e. one metbox and two SAM molecules per dimer.
Gel Shift Assay-Samples were prepared containing 0.4 mg/ml MetJ with stoichiometric amounts of SAM and various DNA oligos in the same buffer as that used for SANS. In addition to the oligos used for the neutron scattering experiments, we examined oligos containing four and five copies of the consensus metbox as well as the natural metA operator that contains four metboxes (5Ј-GGAGCTATCTGGATGTCTA-AACGTATAAGCGTATCC-3Ј; bases that match the consensus sequence are underlined). After the samples were allowed to mix for 15-20 min at room temperature, an equal volume of 2ϫ loading dye (20% sucrose, 0.02% xylene cyanol in 10 mM Tris, 1 mM EDTA) was added before loading on the gel. Electrophoresis was performed at room temperature on a 9% non-denaturing acrylamide gel that was made and run in 1ϫ TBE buffer (90 mM Tris borate, 2 mM EDTA). The gel was stained with SYBR Green nucleic acid stain (Invitrogen).
SANS Measurements-SANS data were collected at the National Institute of Standards and Technology Center for Neutron Research (Gaithersburg, MD) using the NG-7 30-m SANS instrument (14) . All experiments were performed at room temperature. A neutron wavelength of 5 Å was used with a wavelength spread ⌬/ of 0.22 to provide the maximum flux on the sample. Sample and background intensities were collected at sample-to-detector distances of 1.5 and 4.6 m to obtain data over the q-range necessary for structural modeling. Data reduction to one-dimensional scattered intensity profiles, I(q) versus q, followed standard procedures to correct for detector sensitivity and sample background (14) . An empty beam measurement was used to calibrate the measurements into absolute units (1/cm) (15) . The reduced intensities from the two detector distances were merged using routines included with the data reduction software provided by the National Institute of Standards and Technology.
Samples of the two-metbox complex were prepared in 10 and 71% D 2 O by mixing stock solutions of the subunits. Samples of the three-metbox and five-metbox complexes were prepared in the same way but in 10, 32, 53, and 71% D 2 O. The samples and corresponding solvent blanks were measured in 1-mm path length cells. The precise D 2 O content of each sample was determined by comparing the measured neutron absorbance, , to that of pure H 2 O and D 2 O. The neutron absorbance is obtained from the measured sample transmission using the relationship ϭ ln(T)/d, where T is the transmission, and d is the sample path length. The neutron absorbance of a sample varies linearly with the hydrogen content, which is dominated by the buffer solution. The solvent deuteration fraction of the sample, P, can be determined using the relation
The D 2 O content of each sample determined in this manner was used throughout the analysis and modeling of the data.
Small Angle Scattering Data Analysis-The small angle scattering intensity profile of monodisperse, identical particles in solution is shown in Equation 1
where (r ជ) is the scattering length density of the particle as a function of position r ជ within the particle volume V; s is the average scattering length density of the solvent; and q ជ is the momentum transfer, having the magnitude q ϭ 4sin()/, where 2 is the scattering angle and is the wavelength. The integration in Equation 1 is averaged over all conformations and orientations of particles in the incident beam and includes the time-and ensemble-averaged information of all of the particles in the sampled volume.
In addition to determining the radius of gyration, R g , according to Guinier (16), data were analyzed for the distance distribution function, P(r), between scattering centers within an object. The scattered intensity I(q) is related to P(r) as shown in Equation 2.
The indirect Fourier transform algorithm originally described by Moore (17) was used to determine P(r) from measured intensity profiles. The boundary conditions P(r)/r ϭ 0 at r ϭ 0 and the maximum linear dimension, d max , are applied to ensure proper behavior. In addition to providing d max , P(r) fitting also provides a second measure of R g , which is the second moment of P(r).
Structural Models from SANS Data-Modeling of the complex was based on the high resolution crystal structure of a two-metbox complex (Protein Data Bank code 1CMA) (9) with hydrogen atoms added using MOLPROBITY (18) . The structure of a single MetJ dimer bound to the metbox sequence from the crystal structure was used as the basic unit for building models, which was maintained as a rigid body when constructing models of the higher order assemblies. This approach maintained the appropriate distortion of the DNA induced by the binding of the MetJ dimer. The two-, three-, and five-metbox complexes were constructed by sequential assembly of the basic unit. To facilitate the construction, a coordinate system was defined using the A3/T18 base pair of the first metbox in the crystal structure and the standard reference frame for nucleic acids (19) . To assemble the two-, three-, and five-metbox complexes, the translation and rotation applied to the next copy of the basic unit is such that the A3/T18 base pair of the basic unit is properly placed in the space of the standard reference frame of the A11/T10 base pair of the previous basic unit. To test for structural deviations of the two-, three-, and five-metbox complexes from the organization implied by the crystal structure (9), the roll angle, , of the basic unit about the vector from CЈ 1,T18 to CЈ 1,A3 of the metbox was varied. An examination of the high resolution structure suggests that this particular rotation axis affords the greatest degree of flexibility for the modeling and avoids interference between adjacent MetJ dimers. In the models of the three-and five-metbox complexes, the roll angles between all of the basic units were assumed to be identical, thereby ensuring that the interaction between subsequent MetJ dimers remains identical and minimizing the number of free parameters. The modeling tested values every 5°from Ϫ90°to ϩ90°, where 0°is defined by the angle present in the crystal structure. Negative values of increase the separation of adjacent MetJ dimers bound to the DNA, whereas positive values bring the centers of mass of adjacent dimers closer together.
The program ORNL_SAS 4 was used to calculate the intensity profiles from the generated model structures and evaluate the quality of the fit against the experimental data. ORNL_SAS simultaneously calculates multiple small angle scattering intensity profiles from high resolution structures using a Monte Carlo approach and is capable of comparing the results against several sets of input data from x-ray and neutron scattering experiments. If the series of input data sets are I j (q) and the model intensity profiles are I m,j (q), the quality of fit is evaluated using the reduced 2 parameter as shown in Equation 3.
N j,pts is the number of data points modeled against in the measured intensity I j (q). j (q) is the experimental uncertainty in the measured intensity I j (q). N f is the number of parameters used for the scaling of the model profiles to the data. There are two scaling parameters per data set, being the overall scale factor and a base line, which reflects difficulties in determining the exact base line of SANS data when the solvents contain a large amount of hydrogen and is generally not larger than the uncertainty in the measured forward scatter, I(0), of a properly background-subtracted data set.
RESULTS
SANS data were collected on solution samples of two-, three-, and five-metbox complexes. To verify the formation of the MetJ-DNA-SAM complexes, we performed a gel shift assay, shown in Fig. 1 . These results show that MetJ forms only one stable complex with each of the DNA oligos, because, in the presence of MetJ, there is only a single band that is shifted in mobility relative to the DNA alone. The size of the complexes cannot be determined from this type of experiment, but by examining the full series of complexes the trend in the shift of the bands for the complexes clearly indicates that longer DNA fragments bind more MetJ than the shorter ones. In addition, the complexes formed with the four-consensus metbox sequence and metA run identically, indicating that the same number of MetJ dimers are bound to both. This is also true for the five-consensus metbox sequence and metF, justifying our assumption that the fivemetbox complex used for SANS binds five MetJ dimers. One other observation to note is that the long palindromic sequences show signs of hairpin formation, indicated by an additional fast-running band in the lanes without MetJ. It was to avoid this hairpin potential that we decided to use a natural sequence for the five-metbox construct. The reduced SANS intensity profiles for the two-, three-, and five-metbox complexes are shown in Fig. 2, A, B , and C, respectively. The differential spacing between the data points (on the left and right side) of each profile results from the two detector distances used to provide the desired q-range. The P(r) for the three complexes extracted from the data collected in 10 and 71% D 2 O, which have the strongest signals, are shown in Fig. 3 . The trends in R g and d max with increasing numbers of MetJ dimers can be seen in Fig. 4 . The trend in R g is not simple to interpret, but it is clear from the trend in d max that the length of the complex, going from 80 -90 to 120 Å, is not a linear function of the number of base pairs of DNA. The results suggest that the binding of five MetJ dimers has produced a compaction of the complex beyond any structural change induced in the two-and three-metbox complexes. The overall lengths for all three complexes are shorter than expected for idealized B-form DNA.
A closer inspection of the P(r) curves gives more insight into the structures of the complexes. The easiest to interpret are those from the samples in 71% D 2 O (Fig. 3B) , which are dominated by the scattering of the MetJ in the complex because the scattering length density of DNA is very nearly identical to the solution scattering length density. In contrast, at 10% D 2 O both the MetJ and DNA scatter strongly, with the DNA scattering ϳ3.5 times stronger than MetJ on a per unit volume basis. The larger relative total volume of the MetJ means that it contributes more to the scattered intensity than the DNA, but the DNA contribution is not negligible, as it is in 71% D 2 O. The P(r) curve . The symbols correspond to the two-metbox (f), three-metbox (E), and five-metbox (OE) complexes. The curves have been given an arbitrary scaling to make it easier to compare the peak positions and shapes of the curves.
of the two-metbox complex shown in Fig. 3B is consistent with a compact structure, such as would be expected based on the crystal structure. The five-metbox complex P(r) is typical of a rod-like structure, as might be expected for an assembly of the proteins on a longer piece of DNA. The P(r) of the three-metbox complex is the most interesting. In addition to the main peak at 27 Å, there is a shoulder near 50 Å. Such a shoulder suggests some distinction between groups of structural elements that leads to a secondary peak in P(r), but the effect is subtle.
The modeling of the complexes provides an effective means of visualizing the conformational changes that occur in the higher order complexes. A plot of 2 as a function of the rotation angle is shown in Fig. 5 . The two-metbox-and three-metbox complexes essentially have a plateau centered near ϭ Ϫ60°, but the minimum is relatively shallow and there is considerable noise. The minimum for the 5-metbox complex is the most clearly defined of the three complexes measured and best fits the data at an of ϩ30°. The model intensity profiles for the best-fit models are plotted in Fig. 2 with the data. The fit is excellent in all cases. The model profiles that appear to end before the end of the plotted range reflect the small shift in the base line allowed for the scaling of the intensity profiles to account for possible difficulties in the data subtraction. It is important to point out that the original crystal structure, after having hydrogens appropriately added using MOLPROBITY (18) and removing water molecules found in the crystal structure, yields a 2 of 2.29 when tested against the SANS data of the two-metbox complex. This value is significantly higher than the best value found in the modeling ( 2 ϭ 1.05), indicating that the model structure fits the data significantly better than the crystal structure.
The best-fit models for the three complexes are shown in Fig.  6 and provide a way to understand the nature of the sign of the rotation angle . In the models, the structure of a single metbox and the associated MetJ dimer with SAM bound is considered fixed. As changes, the extent of the interaction between the consecutive dimers changes. A negative value of increases the separation between the centers of mass of the MetJ dimers, whereas a positive value of causes the separation between the MetJ dimers to decrease, enhancing the potential for interaction between the dimers. The most obvious feature of the structures of the two-metbox and three-metbox complexes is that the amount of contact along Helix A of the adjacent MetJ dimers is very minimal, being reduced to only a few interactions near the ends of the helix. If the structure were to be continued indefinitely, the resulting superhelical arrangement of the protein around the DNA would be very wide with only minimal protein-protein contacts. In contrast, the structure of the fivemetbox complex is such that there is a great deal of interaction between the adjacent MetJ dimers and the points of contact are no longer limited to Helix A. The nature of the superhelical packing of the structure can be seen clearly in Fig. 6D and is significantly more compact than if the structures of the smaller (two-and three-metbox) complexes were to be extended. Fig. 7 shows a close-up of the interface between adjacent dimers highlighting the main difference between the models of the smaller complexes and that of the five-metbox complex.
DISCUSSION
The results of the SANS studies with contrast variation presented here provide new insight into the cooperative regulation of genes in the Met regulon by the methionine repressor MetJ and its cofactor SAM. One important finding is that the calculated scattering curve based on coordinates from the crystal structure is not consistent with the SANS data collected from the two-metbox complex in solution. The models derived from the SANS data indicate that the centers of mass of the adjacent MetJ dimers are further apart than they are in the crystal structure. The DNA conformation also differs significantly in that there is a significant bend between adjacent metboxes as can be seen in Fig. 6 . As a result of the opening of the structure, the interaction between the adjacent MetJ dimers through Helix A is drastically reduced as shown in Figs. 6 and 7. Contacts along the A helix are thought to be involved in the cooperativity observed for binding multiple MetJ dimers to adjacent met- 2 versus for the models generated for the two-metbox (f), three-metbox (E), and five-metbox (OE) complexes. When ϭ 0, the conformation of the DNA is such that the two-metbox model is consistent with the crystal structure (9) . The best fit is at ϭ Ϫ60°for the two-metbox and three-metbox complexes but ϭ ϩ30°for the five-metbox complex.
boxes (7, 9, 10) and have been postulated to explain why at least two metboxes are required for stable protein binding to DNA. In our SANS-based model for the tetramer assembly on two consecutive metbox sequences in solution, however, there is reduced contact at the dimer-dimer interface. The addition of a third metbox, which allows a third MetJ dimer to bind the complex, does not significantly change the relationship between the MetJ dimers from that seen in the two-metbox complex. The other surprising result is that the five-metbox complex appears to have a very different organization of MetJ dimers. In addition to contacts through the previously identified Helix A (residues 30 -45), the model suggests that there are additional interac- tions through residues 17-20 in the loop that precedes the ␤ strand.
The most straightforward a priori assumption would be that increasing the number of metboxes should have a simple additive effect on the strength of MetJ binding, so that each additional dimer that can bind adds some fixed amount to the overall affinity. Our model of the five-metbox complex suggests, however, that additional factors associated with structural features of the assembly must be considered. Intriguingly, an earlier footprinting experiment with DNA having mutations in the metF operator supports this interpretation as well (20) . DNase footprinting showed that of the five metboxes in the metF operator, four were preferentially bound initially whereas binding to a fifth (repeat 5) required higher concentrations of MetJ. Moreover, deletion of or mutations in repeat 5 could eliminate repression in vivo. This result was interpreted to mean that the additional cooperativity gained from binding the last MetJ dimer to repeat 5 allowed the complex to meet some "threshold" for tight binding (20) . In light of our SANS results, we further postulate that MetJ binding to repeat 5, and possibly 4, modifies the structure of the assembly, creating a more compact complex that is likely bound more tightly. With the data presented here, we can only say that in solution the tight binding mode requires more than three dimers. It should also be noted that the DNA sequence used in the footprinting experiment as well as our SANS experiment was not five copies of the consensus metbox but rather the native metF operator sequence. It is possible, but unlikely, that the natural sequence variations alter the interaction between adjacent MetJ dimers in the complex. There is a long history of using the consensus sequence as well as natural operators to study MetJ binding (6, 7, 9, (21) (22) (23) .
Further evidence that MetJ may bind DNA differently depending on the number of metboxes comes from studies of the metC operator, the only one in E. coli that contains the minimum of two metboxes (11) . DNase footprinting experiments have shown that MetJ covers a 32-bp region centered around the two consensus metbox sequences, i.e. MetJ covers a region the size of four 8-bp metboxes (6, 21) . Thus, it is possible that in vivo repression is only achieved by the binding of four to five MetJ dimers, and that this tight binding mode is different from the weak binding of two to three dimers. While most of the in vitro work has been done with synthetic minimal operators containing only two metboxes, sometimes embedded within longer DNA fragments, the metboxes used are always composed of repeats of the consensus sequence (6, 7, 9, (21) (22) (23) . Consequently, MetJ has an unnaturally high affinity for them. In E. coli, only one metbox, part of the metD operator, consists of the actual consensus sequence (2), while in the closely related Salmonella typhimurium there is also only one occurrence, part of the metER operator (24) . The strength of binding is also affected significantly by the co-repressor, SAM, but all of the SANS experiments reported here were carried out in the presence of SAM and thus provide no information on the structural consequence of SAM binding.
The different binding modes could be a result of many factors, including enhanced compaction of the DNA, which could lead to more extensive DNA-protein and protein-protein interactions, as well as conformational changes within MetJ. The models built to test against the SANS data are intended to be simple and assume that the structure of the MetJ dimer in solution is unchanged from the high resolution crystallographic structure in the tetramer complex (9) , which is reported to be essentially the same as that of the crystallized dimer alone (8) . SANS, being an inherently lower resolution technique than x-ray diffraction, is often well suited for determining whether the solution structure of a protein is identical to a crystal structure, such as when there are well defined domains connected by flexible linkers. In the case of the MetJ-DNA-SAM complexes, the system is significantly more complicated. The use of additional variables to model changes in the structures of the MetJ subunits would decrease confidence in the final models as the size and complexity of the search space increases geometrically with the number of variables used. The application of ab initio modeling (25) , in which no assumptions are made regarding the structure, to the data presented here is also unlikely to resolve the issue, given the inherent uncertainty of such structural reconstructions. The modeling approach chosen is a compromise to help visualize the solution conformations of the complexes with the minimum number of variables. Because this approach does not take into account any conformational changes that could occur in the MetJ dimers, the models do not preclude cooperativity in the assembly of the complex.
In conclusion, we have used SANS with contrast variation to study the solution structures of two-, three-, and five-metbox complexes. Model building has demonstrated that the solution conformation adopted is a function of the number of tandem metbox sequences. Importantly, the SANS data collected for the two-metbox complex demonstrate that the crystal structure is not consistent with the solution conformation of the complex. In the shorter complexes measured, the centers of mass of the adjacent MetJ dimers are further apart than found in the crystal structure, producing a superhelical assembly that is relatively open. In contrast, the SANS data of the largest complex studied, the five-metbox complex, are consistent with a structure in which the adjacent MetJ dimers are in much closer proximity, producing a superhelical structure that is quite compact. In this case, SANS with structural modeling gives unique insight into the assembly of this large (150 kDa), important native repressor complex in solution. The results provide evidence for a structural mechanism controlling differences observed in the transcription regulation provided by MetJ and suggest the possibility that, in solution, MetJ is able to bind to DNA in at least two different ways.
